Enhancing the performance of predatory mites is often regarded as the best biological control approach towards the spider mite Tetranychus urticae, the main pest of strawberry plantations. Optimizing the colonization of plantations by predators from adjacent areas such as field margins is seen as an important component of conservation biocontrol. We have investigated the factors contributing to enhancing the numbers of predatory mites (Acari: Phytoseidae), such as management of the field margins, vegetation composition and the effect of the presence of woody species. We also tested the penetration of the phytoseiids from the field margins into the crop. In a study carried out in 14 open-field extensively managed strawberry plantations in Poland we found phytoseiids to be abundant in field margins; 14 taxa were discovered. However, only two species Amblyseius andersoni and Euseius finlandicus dispersed a modest distance into the crop. We found that the diversity and densities of the predatory mites were enhanced somewhat by the management type of the field margins; especially the spontaneous vegetation favoured the presence of phytoseiids. However, despite the predatory mites being rather retained in the field margins also significant reduction in numbers of their prey T. urticae was recorded over the course of the year. The low penetration of predatory mites into the main part of the field, indicates that conservation biological control measures in the field margin might not be sufficient on their own to enhance the impact of predatory mites within the main part of the fields.
Introduction
Integrated pest management (IPM) is increasingly regarded as a workable contribution to meet the challenges of minimising the environmental impacts of chemical pest control, whilst maintaining crop production with a declining list of pesticide alternatives (Wissuwa et al. 2012; McMurtry et al. 2014) . For the management of insects and mites, a key component of IPM schemes is conservation biological control, which seeks to combat pest problems by modification of the environment to protect and enhance specific natural enemies, thus reducing the impact of pests (Bale et al. 2008; Barzman et al. 2015) . The natural vegetation of field margins shows a relatively high diversity of beneficial insects and mites (Denys and Tscharntke 2002) . Diverse field margins supply a diversity of pollen species, which are an important alternative food source for polyphagous predatory mite species (Acari: Phytoseiidae) (Duso et al. 2004) , and these mites can migrate the short distance between field margins and crops (Boller et al. 1988; Tixier et al. 2000 Tixier et al. , 2006 Shimoda and Takabayashi 2001; Cruz et al. 2013 ). However, the factors determining the impact of natural systems on biological control and the spatial relationships between predatory mites and the crop are both still poorly understood.
Herbivorous mites present a major threat to strawberry crops, particularly spider mites (Tetranychidae), whose high densities can lead to a reduction in both the quantity and the quality of harvested fruit. In strawberry fields, Tetranychus urticae Koch is the most common invertebrate pest, significantly reducing yield (Sances et al. 1982) . Although Tetranychidae species tend to develop resistance to acaricides, it is still controlled mostly with pesticides (Tirello et al. 2012) . Consequently, IPM is reasserting the importance of sustainable methods of control, including developing genetic resistance (Figueiredo et al. 2012) and enhancing favourable conditions for natural enemies (Hajek 2004; Ramsden et al. 2015) . Populations of T. urticae can be effectively limited using predatory mites from the Phytoseiidae family, which occur commonly on the spontaneous vegetation of field margins (Niemczyk 2000; McMurtry et al. 2013) . Field margin vegetation has been shown to provide alternative prey or food resources and refuges for overwintering of beneficial arthropods, including mites (Boller et al. 1988; Marshall and Moonen 2002; Romero and Benson 2005; Tixier et al. 2000) .
The colonization of strawberry plantations by naturally occurring predatory mites is strongly dependent on the surrounding vegetation (Cruz et al. 2013; Lagerlöf and Wallin 1993) . However, rapid and effective colonization is required to keep the number of herbivorous mites below economic thresholds (Tixier et al. 2000) , and the survival of predatory mites which arrive in the cropping area can be poor (Tixier et al. 2006) . Numerous studies have shown positive effects of semi-natural vegetation on enhancing the density of natural enemies (Asteraki et al. 2004 ), but authors indicate that the landscape context as well as field margins should be taken into account (Marshall et al. 2006; Winqvist et al. 2012; Ma et al. 2013) . Trees and shrubs can not only host a number of phytoseiid species but can also play a key role in the aerial immigration of predatory mites over modest distances (Boller et al. 1988; Jung and Croft 2001; Kazmierczak and Lewandowski 2006; Tixier et al. 2006) .
Here, we investigated how the management of field margins affected the colonization and occurrence of beneficial predatory mites in strawberry plantations. The objectives of our on-farm study were: (a) testing the distance of colonization of the strawberry field from the field margins by the predatory mites; (b) assessment of management types favouring high densities of predatory mites; (c) the role of neighbouring woody plant species hosting predatory mites that could disperse into the field.
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Materials and methods
Study sites and experimental design
A total of 14 extensive open-field strawberry plantations in central Poland in regions specialized in strawberry production were selected as study sites, where in years 2008-2012 detailed surveys were carried out on both vegetation and mite density. The size of the fields varied from 0.009 to 4.16 ha (Table 1 ). All farms are located in a flat landscape, characterized by intensive vegetable and fruit production on moderately poor soils. The neighbourhood of the selected farms consists mostly of conventional agricultural fields and rural areas. The sites were planted with the varieties Honoe or Ducat. All plantations were typical extensively managed open field plantations with approximately 30,000 plants per ha and an initial spacing of 25-35 cm between plants and 1 m between rows. The plantations were 3-4 years old at the time of the study. Each of the fields was surrounded with well-developed field margin strips but these strips were differently managed. Areas bereft of field margins or where chemical treatment was applied within the last 3 years were excluded from the study (on the basis of questionnaires performed with the owners). The structure of a typical plantation along with its surrounding vegetation is shown in Fig. 1 .
Vegetation characteristics
To test the potential of field margins surrounding the strawberry crops as a source of beneficial predatory mites and test the ability of mites to penetrate into the crop we performed a detailed inventory of the vegetation composition of the fields and their margins. Our preliminary research in strawberry plantations revealed that vegetation consisting mainly of species that host phytoseiids, including plants such as Rubus fruticosus, Sambucus nigra, Rubus idaeus, Rubus caesius, Ribes nigrum, Prunus domestica, Prunus spinosa and Urtica dioica (Wissuwa et al. 2012) . We investigated vegetation composition of the strawberry plantations during the vegetation season in 2008. Due to differences in vegetation (Dierschke 1994) . The level of change due to anthropogenic pressure in the field margin in sampling plots was assessed on the basis of: plant species cover, number of species, Shannon Diversity Index (SHDI), Simpson Diversity Index (SDI), Dominance Index, share of alien plant species (i.e., non-native species that were introduced by humans, either deliberately or accidentally after year 1500, Mirek at al. 2002 , Warren 2007 , and share of annual plant species in the plot (BiolFlor; Klotz, and Kühn 2002) . Data from each plantation were averaged and standardized. Botanical plant names followed Mirek et al. (2002) . The boundaries of each of the strawberry fields along with the field margins were inventoried using a GPS device. Spatial structure (shape) of each strawberry plantation was obtained using a GPS device and transformed into a GIS vector layer (ArcMap 10.2. ESRI).
Field margin management
On the basis of vegetation composition, we identified different management types of the field margins. An example of a plantation with a visible field margin vegetation is shown in Fig. 1b . We divided the existing margins into the following types:
• stable-well established vegetation consisting of dense perennial vegetation, including woody plants, associated with hedges, fences, ditches, roads; • mown-strips of predominantly grass, subject to regular intensive cutting, often used as an access road for heavy machinery; not tilled; • fallow-strip of vegetation regularly but infrequently tilled, less than once in 3 years, consisting of ruderal vegetation, mostly biennial plants; • segetal-strip of regularly and frequently tilled non-crop spontaneous vegetation, usually tilled along with the main strawberry crop every 1-2 years consisting mostly of annual plants associated with high disturbance.
Neighbourhood
The neighbourhood of the plantation beyond the field margins was also taken into account as a factor that might affect the occurrence of mites. Due to the potential aerial dispersal of mites, an inventory of all wooded areas within a distance of 500 m from the plantation edge was made. Different types of forested areas in the plantation neighbourhood were distinguished:
FOREST Well established patches of dense deciduous or mixed forest stands SHRUB Groups of shrubs and smaller trees, early to middle succession stage LINEAR TREE Artificial tree plantings most commonly along roads and fences ORCHARDS Areas covered with permanent woody fruit trees, most commonly apple or cherry orchards.
Mite sampling
Plant leaves were collected for both predatory mite sampling and to measure the prey density of T. urticae in each of the distinguished plantation zones and the margin ( Fig. 1a -MARGIN, EDGE, EXTERIOR, INTERIOR). To assess how the different plant species were potentially associated with predatory mites, collecting of invertebrates was performed from the leaves sampled from all distinguished plantation zones in June, July, September and August in 2008 and again in 2009. Samples were collected in field margins from both shrub and herbaceous vegetation leaves, in other zones only from strawberry leaves. Each time 20 leaves were collected from randomly selected individual plants, the species of the plant was also recorded. Sampled material was labelled and placed in separate polyethylene bags and stored in refrigerators. Counting of predatory mites and T. urticae was performed simultaneously within three days of sampling for subsequent species identification under a microscope. All stages of phytoseiid mites found on the leaves were counted and slide mounted for further species identification, the total number of prey was also assessed. For herbivorous mites from each of the plantation parts, several individuals were slide mounted to verify species identification. All adult stages within the investigated plantations were T. urticae so juvenile stages can safely be assumed to also belong to this species. To calculate the leaf size, its surface was digitalized and measured using DigiShape software (Cortex. Nova). Mite density was presented as individuals per m 2 of the leaf area.
Analysis
The density of both predatory mites and their prey in separate months was analysed in relation to the characteristics of distinguished vegetation zones. To avoid the effect of external factors, such as climatic conditions data for each month were averaged for years 2008 and 2009 and presented altogether. The data for the predatory mites and their prey T. urticae 1 3
numbers for each year are presented in Appendices 1 and 2. For all variables describing the vegetation structure (i.e., plant species cover, total number of species, Shannon Diversity Index, Simpson Diversity Index, percentage of alien plant species), comparisons between the different zones were done with a non-parametric Kruskal-Wallis test (α = 0.05) followed by multiple comparisons of mean ranks between pairs of groups. Multivariate relationships between examined variables were evaluated using principal component analysis (PCA) and results were presented as plots of two components (PC1 and PC2). A Generalized Linear Mixed Model (GLM) with a binomial error distribution and logit link function for the main analysis was applied for evaluation of the effect of factors associated with field margin management, plantation neighbourhood, as well as time of observation (month), which were used as fixed factors in the model. The year of observation was treated as a random variable affecting total phytoseiid density as response variable. In case of management, only two dominant management types were included in the analysis for statistical reasons. The response variables were transformed into dichotomous variables. The analyses were performed in Statistica 10 (StatSoft) and SPSS 24 (IBM) programs.
Results
Despite the intense agricultural practice within the strawberry plantations, their field margins are characterized by diverse vegetation. While the mean number of vascular plant species in the margin was over 16 per sampled area, there were on average only eight species in the central part of the plantation, consisting of plant species that are well adapted to high disturbance levels, with a high proportion of alien species (Table 2) . However, the crop was always accompanied by other herbaceous vegetation, revealing the extensive plantation management and the ability of the examined strawberry plantations to potentially provide pollen sources to generalist phytoseiids, even in the central part of plantation, where common temporarily occurring plants appear, mostly annuals such as Chenopodium album, Galinsogo parviflora, Echinochloa crus-galli, Equisetum arvense, Conyza canadensis. Also, the share of alien plant species increased significantly within the central part of the plantation compared to the margins (Table 2) . Fourteen different phytoseiid species were found in the strawberry plantations and their field margins, the six species occurring in more than 20% of the samples were Amblyseius andersoni (Chant), Euseius finlandicus (Oudemans), Amblyseius bryophilus (Karg), (Table 3) . Tetranychus urticae, the main food source for many phytoseiid species, were found in large numbers throughout the strawberry plantations. Highest densities of T. urticae were observed in June in the field margins, with on average 1113.1 individuals per m 2 of leaf (Table 4) . Because leaf size varied between 10 and 20 cm 2 , this would result in a maximum density of 2.4 mites per leaf. The number of prey was reduced further into the plantation, but remained above an average of 50 mites per m 2 of leaf (Table 4) . Densities of spider mites decreased significantly over the course of the years in all zones within the plantation, but remained stable in the margins (Table 4) . Despite the presence of this food throughout the plantation, phytoseiid species were only found in high densities in the margins and sometimes in the field exterior. The numbers dropped drastically at the edge of plantations and the predatory mites were seldomly found in the central part of the plantation, thus mite penetration from the field margins into the field was regarded as limited. Only three phytoseiid species were found to have migrated onto crop plants and were found outside the margin. The two most abundant species, A. andersoni and E. finlandicus, frequently inhabited field margins and were found within the plantation in small numbers only, never reaching the central part of plantation. A. bryophilus were sporadically found further from the field edge and E. finlandicus was even observed in the field interior (Table 3) . Despite its higher densities, the presence of A. andersoni was restricted to the margin and field edge. Though the distribution of predatory mites across the field margins towards the central plantation gradient did not change significantly during the vegetation season (June-September), three phytoseiid species were noted in different field zones. The total number of phytoseiids was significantly higher in the edges throughout the season, despite changes in phytoseiid community composition (Table 3 ). The remaining dominant phytoseiids, P. echinus, T. pyri, and N. reductus, were restricted to the margin. Despite the overall limited dispersal identified in this study, the densities of prey decreased significantly in the whole plantation over the course of growing season. Apart from the location (zone), the occurrence of phytoseiids in strawberry plantations was also affected by the management of the field margins, as shown in the GLMM analysis (Table 5 ; Fig. 3 ), but it was only investigated for the two dominant management types (fallow and segetal). No significant effect was observed for woody plants-combined trees, shrubs, forests and orchards in the neighbourhood (Table 5 ). The relations of phytoseiids and their neighbourhood are species-specific and vary in time. The results of the PCA analyses in Fig. 2 present relationships between the set of variables which affected the abundance of predatory mites evaluated in subsequent months based on the first and the second principal components (PC1 and PC2). The length of the vectors (Fig. 2) that are parallel to horizontal axis indicate the most important variables, explaining a large part of variability of the total dataset. The two principal components (PC1 and PC2) in all four months explained approximately 40% of the predatory mite occurrence. The population of the most abundant predatory mite, A. andersoni, was related to the occurrence of spontaneous vegetation in the field margins in June, July (not September) and August (Fig. 2) and showed a negative relation to the presence of forest and trees. The presence of this phytoseiid in August and September was related to the shrubs in the neighbourhood but also to orchards. E. finlandicus was mostly found in areas characterized by higher diversity of plants (number of species), such as fallows in the margins which can also be explained by the fact that this species was found only in low numbers outside the fields. Over the entire growing season, the presence of trees was important for this species, as was the presence of forests at the beginning of the season (July). From June until September, the density of A. bryophilus was related to the occurrence of shrubs in the neighbourhood, but also to the presence meadows and orchard during most of the year (exception September). The occurrence of E. finlandicus was most related to the presence of single tree plantings through the majority of the vegetation season. Most frequently, the mites were found on the leaves of woody perennial species such as Sambucus nigra, Prunus spinosa, Rubus fruticosus agg. or Corylus avellana, they were also common on other perennial plants such as Urtica dioica and Lamium album.
Discussion
Whilst the nature of the field margins and the surrounding landscape could enhance the densities of some species of predatory mites, this study found that the changes in the densities were almost entirely limited to the immediate margins of the field, despite the prey available in the entire field. The management type of the field margins was significantly correlated to the general density of predatory mites in the field margins, spontaneous noncrop vegetation being associated most with the presence of the most common phytoseiid, A. andersoni. There was little evidence of predatory mites dispersing into the interior of the strawberry plantation, but significant reductions in numbers of their prey T. urticae was recorded over the course of the growing season. Whilst conservation biological control is regarded as a potential contributor to IPM (Ramsden et al. 2015) , the presence of higher predatory mite densities in margins can offer little control of plant feeding mites if they are retained in the field margins. Rich and diverse vegetation in field margins can act as a source of natural enemies of some crop pests, but the density and diversity of predators in margins per se is no guarantee of successful biological control if the predators do not enter the field. Based on our results, we suggest that the behavioural patterns of the mites must also be considered, particularly in terms of the limited range of their movement patterns.
Conservation biological control includes the modification of the environment to protect and enhance specific natural enemies to reduce the impact of pests (Hajek 2004) , and often focuses on targeted habitat management including field margins. Being the most important control agent of herbivorous mites in strawberry crops, the dependence of phytoseiids on rich and diverse vegetation in the field margins has been established for decades (Thomas and Marshall 1999; Denys and Tscharntke 2002; Koh and Holland 2015; (Table 5) Duso 2008). The spontaneous vegetation occurring in field margins acts as a source of food, especially floral resources, to many generalist predators both Phytoseiidae (Duso et al. 2004 ) as well as other groups such as Coccinellidae or generalist Syrphidae species, which are natural enemies of aphids (Ramsden et al. 2015) . The provision of an additional food source can even decrease the mortality rate of predatory mites due to the insecticide applications because they can feed on alternative food resources and recover more quickly (Pozzebon et al. 2014) . So-called banker plants can help to sustain higher natural enemy populations, enabling predators to respond more rapidly to pest outbreaks, which was proven for insects (Ramsden et al. 2015) . Other plants are important as overwintering habitats for mites and other small arthropods (Romero and Benson 2005) . Finding plants whose attributes can enhance biological control is important (Cortesero et al. 2000; van Rijn et al. 2013; van Rijn and Wäckers 2016 ), yet we found that predatory mite density is linked most to field margin management type (which affected vegetation composition) and the most favourable margins were associated with the presence of spontaneous non-crop vegetation, probably offering also alternative food sources. The significant management factor revealed by the GLMM (Table 5 ) was most probably linked to management enhancing the densities of the predators only in the margin of the fields, not affecting the interior. We found only two phytoseiid species with changing densities due to management outside the field margins. The densities of their prey inside the plantation was generally low, and perhaps insufficient to provide food for the phytoseeids to allow spread from the margin. The observed decline in mite densities in the plantation may have been inflicted by external factors, as their food, strawberry leaves, was available during that time. This might have also resulted from the predation of phytoseiids but we cannot confirm this as they were not found in the plantation. These results, however, emphasize the importance of fully understanding the role of different species within crop-pest-predator system. The dependence of phytoseiids on herbaceous non-crop vegetation has been shown in a number of studies (Cruz et al. 2013; Denys and Tscharntke 2002; Mailloux et al. 2010; Tixier et al. 2006) , including the important role of shrubs and trees (Tixier et al. 2000) , often related to pollen availability (Duso et al. 2004; van Rijn et al. 2013; van Rijn and Wäckers 2016) . Conservation plantings of trees have been demonstrated to contribute to a higher density of natural enemies and to positively affect beta diversity of natural enemies up to 5 km away (Cortesero et al. 2000) . It is tempting to generalize such results to other systems and organisms. Though a rich and diverse vegetation of the field margins is reported to favour densities and occurrence of predatory mites here as well as in previous studies (Jaworski 2000) , these results may be difficult to extrapolate to other systems. We found no evidence of a link between mite density and the presence of woody plants in the area, the management of the margins significantly influenced the number of phytoseiids, but particularly not in the main area of the crop.
The populations of predatory mites in field margins may be enhanced in a number of ways, and phytoseiids that feed on herbivorous mite species can migrate the short distance between field margins and crops in both directions (Boller et al. 1988; Cruz et al. 2013; Shimoda and Takabayashi 2001; Tixier et al. 2000 Tixier et al. , 2006 . Mites may also arrive from surrounding trees and shrubs by aerial dispersal, and although the phenomenon is poorly investigated, the distance that the mites can potentially disperse increases with the height of the vegetation (Jung and Croft 2001) . Whilst mite densities in this study could be enhanced by landscape factors, no relationship was found between the occurrence of any woody plant type in the neighbourhood on mite densities in the crop. The number of plantations with nearby forest was low in this study, and some authors have indicated that aerial distribution by mites can enhance their densities in crops (Shimoda and Takabayashi 1 3 2001). Tixier et al. (2000) showed the role of woody margins as a source of beneficial arthropods, but only over a short distance, and the capability of mites to penetrate into the crop was only moderate. The majority of reported successes with phytoseiids come from either orchards or vineyards, where the beneficial arthropods can find their shelter in undergrowth vegetation (Solva et al. 1997; Jaques et al. 2015) . In the case of strawberries, the conditions for survival within the plantation are severe (less than 50% of ground covered with vegetation), hence the colonization rates are lower, because mites must travel from the field margins. The results of the PCA from this study revealed that each of the phytoseiid species is associated with a different management type, and the indications are that the occurrence and colonization by predatory mites is very species specific. A. andersoni was the only species found occurring on spontaneous plant species inside the plantation. It is a highly generalist predator species, occurring mostly on plants with glabrous leaves (McMurtry et al. 2013 ) and feeding on a wide range of prey and on fungi (Pozzebon and Duso 2008; McMurtry et al. 2013) . A. andersoni is often abundant on lawns and has been connected with spontaneous vegetation and shrubs providing pollen, and can colonize plantations from wild plants adjacent to the crops (Duso 1989; Duso et al. 2004 ). Yet grass margins did not contribute to high predatory mite species occurrence in this study, while indicating that it is rather associated with ecologically poor habitats characterized by low numbers of species and the presence of non-native plant species. Although some research indicates that orchards could enhance the dispersal of this phytoseiid (Nicòtina and Cioffi 2002) , we did not find evidence for this (Table 4) . Emphasizing these components within the field might well be of benefit to the within-field densities of A. andersoni, and ultimately benefit biological control of pest mite species. E. finlandicus, the second species which was able to spread from the field margin into the plantation in our study, is reported to be able to invade crops from tall trees, and to a lesser extent from shrubs (Tuovinen 1994) . Our study indicates a relationship between phytoseiids with trees and also with forests (Fig. 2) . The fallows could also be an important field margin type, because they are rich in species and could play a role in dispersal onto the margins from where the species can disperse into the crops.
To be effective, management strategies that enhance the densities of a predator must take the behaviour of the predator species into consideration. The results of this study indicate that, whilst the management of the field margin plays a key role in enhancing the densities of predatory mites, it only does so in the field margins and to some extent in the field edge. The low dispersal of predatory mites into the main part of the field indicates that conservation biological control measures concerning field margins might not be sufficient on their own to enhance the impact of predatory mites within the field interior. For predatory mites to be effective, and potentially also for other predators with limited mobility, conservation biocontrol must also look into changes in plant biodiversity within the field area.
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